A composite coating system for oxidation resistance at elevated temperatures was composed of an inner layer of aluminum bronze and an outer layer of aluminum. 
INTRODUCTION
Coatings have historically been developed to provide protection against oxidation and hot corrosion. adhere to the smooth and clean surface of a steel substrate 131. Thus, aluminum bronze is widely used as one of the important bond coating materials when sprayed by electric arc process /4/. Due to this excellent bond ability combined with their good resistance to oxidation, together with low cost and high deposition rate, these coatings have potential applications in hightemperature environments. However, the limited amount of aluminum in the coatings may be consumed during long-term service at high temperature. The present work has been developed to find a solution to this problem. Therefore, a multilayer architecture for oxidation resistance at elevated temperatures was designed, which was composed of an inner layer of aluminum bronze and an outer layer of aluminum. The primary investigation results indicated that the multilayer architecture was promising. The purpose of this study was to study the changes of the coatings/substrate interface at elevated temperature, while the oxidation behavior of the multilayer will be discussed in future papers.
EXPERIMENTAL
The substrate of all the specimens was made of mild steel. After being grit blasted, the specimens were sprayed with 0.6 mm-thick aluminum bronze coating and then an outer layer of aluminum of 0.1mm thick. 3-
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mm-diameter wires were used in the arc-spraying process and the chemical compositions of these materials are listed in Table 1 . The parameters for the arc-spraying process are given in Table 2 .
The isothermal oxidation tests were carried out at 1173 Κ in air at atmospheric pressure. The test temperature was held at 1173 K, and the specimens were removed from the furnace after 1 hour, 5 hours, 30
hours and 60 hours. The cross-section of the oxidized specimens were examined by using a scanning electron microscopy (SEM) and analyzed using an energydispersive X-ray spectrometer (EDS).
RESULTS AND DISCUSSION

As-sprayed coating microstructure
The microstructure of cross section of the coatings and interface is shown in Fig like structure because the droplets strike against substrate and become flat. According to thermodynamics, the formation of alumina is the most favored over those of other oxides. Because of the formation of alumina, a large amount of heat is generated and the droplets are heated during their flying until they strike against the base metal surface. The droplets become flat and the oxide film on the droplets breaks up and is conglomerated at the moment of the strike. It can be seen from the figure that there are some strip oxides which are in black in the coatings.
There are four kinds of alumina with different crystal structures, α-Α1 2 0 3 , γ-Α1 2 0 3 , δ-ΑΙ 2 0 3 and Θ-AI2O3. With the exception of α-Α1 2 0 3 , the others are metastable forms. During spraying, the metal droplets are overheated and partly oxidized in air because the temperature of arc is above 5000 Κ 151. Within about a tenth of a millisecond the temperature of particles rapidly drops to room temperature with a cooling rate of more than ten thousand degree centigrade per second /6/. Because of the high rate of transforming, a metastable phase, γ-Α1 2 0 3 , is formed. The transition γ-A1 2 0 3 grows predominantly by aluminum outward transport, while the α-ΑΙ 2 0 3 grows predominantly by oxygen inward transport. The growth rate of the former variety is about one order of magnitude faster than that of the latter /7, 8/. It was reported that γ-Α1 2 0 3 was formed during short time oxidation at 1173 Κ /9/. This process was also observed in our previous work using X-ray diffraction analysis.
In addition to the oxide, there are numerous pores in the arc-spray coatings. It is generally considered that High Temperature Materials and Processes pores in coatings limit the anti-oxidation performance of coatings /10/. The pores, a kind of defect, are much bigger in volume than defects in oxide or in metals.
Unfortunately, some pores run through coatings and allow the penetration of oxygen, which results in oxidation inside the coatings. To apply the coatings to high temperature service the pores must be sealed in before or at the beginning of service. One potential solution to this problem is to take advantage of an outer aluminum layer that melts at service temperature. In the present experiment a thin aluminum layer was sprayed on the surface of bronze coatings, which provided a perfect adhesion to the outer layer. Figure 2 shows a cross section of the interface between the aluminum coating and aluminum bronze coating. The aluminum coatings (dark) lies over the aluminum bronze coating (light), while the outer layer is well adherent to inner layer. 
Interfacial microstructure after one-hour test
A micrograph of the cross-section of the composite coatings after heating at 1173 Κ for one hour, given in content of aluminum in this diffusion zone is more than that of the coating closed to the interface. It is supposed that an iron-aluminum intermetallic compound is formed in the zone. In general the diffusion mechanism is complex, since the amount of elements diffused does not only depend on the difference of composition between the two phases, but also on their structural compatibility. The interfacial microstructure of the composite coatings/substrate does not differ from that of the specimens coated with a single aluminum bronze layer. There is not enough evidence to show that aluminum from the outer layer has reached the interface. At elevated temperatures, aluminum of outer layer melted. Part of it diffused inwards into the aluminum bronze coating, while the remaining fraction was combined with oxygen on the surface or in the pores, which acted also as diffusion paths for oxygen. The alumina film on the surface can play a role equal to that of preoxidation, acting as a barrier to the environment and restricting the initial rate of metal degradation. On the other hand, the alumina formed within the coating seals the pores due to a selective oxidation of aluminum, which involves a volume expansion /ll/. Consequently, the oxide in the coating becomes a barrier to restrict the diffusion of oxygen and of metals, protecting the inner alloy from further oxidation.
Interfacial microstructure after five-hour test
As the heating time proceeds, the bonding zones become thinner and more oxides appear at the coating/substrate interface and also in the aluminum bronze coating. According to Wagner oxidation theory /11/, the oxidation rate is controlled by the diffusion of elements in the oxide scale. When all the pores in the coatings are closed, the penetration of oxygen becomes very difficult, leading to a sharp reduction of the oxidation rate.
A micrograph of a cross-section of the composite coatings after heating at 1173 Κ for five hours (Fig. 4) shows the microstructure of the coatings/substrate interface. An oxide layer has developed between the coating and the substrate and is well connected with each of them. The interfacial oxide layer is about one micron in thickness. The EDS results reveal that the oxide layer contains 27.90 % O, 26.88% Al, 1.32% Μη, 34.79% Fe, 8.22% Cu and 0.89% Si (all in mass %). The EDS spectrum of the interfacial oxide, as shown in 
Interfacial microstructures after thirty and sixty hours test
After 12-hour heating, the interfacial oxide layer became continuous, while after 24 hours aluminum from the outer layer reached the coatings/substrate
interface. The microstructure of the coatings/substrate interfacial after heating for 30 hours, shown in Fig. 7 , reveals that that some change has taken place in the substrate close to the interface. The composition was analyzed by EDS at the spots labeled "a", "b'\ "c", respectively, and is given in Table 3 . Table 3 Elements detected by EDS at various locations in Fig. 7 (mass fraction, %) After heating for 30 hours, the appearance and composition of the interfacial oxide (labeled "a" in 
